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Durability and Long-term Performance of Adhesively Bonded FRP/steel Joints 
MOHSEN HESHMATI 
Department of Civil and Environmental Engineering 
Division of Structural Engineering, Steel and Timber Structures 
Chalmers University of Technology 
ABSTRACT 
Fibre reinforced polymer (FRP) composites offer excellent properties, such as high specific 
strength and stiffness, corrosion resistance and light weight. Over the past four decades, FRPs 
have been increasingly used for strengthening and repair of bridge structures, and more re-
cently, in the manufacture of whole/hybrid FRP bridges. Although, the short-term behaviour 
of FRP/steel bonded joints has been extensively studied, the subject of the long-term perfor-
mance and durability has not been researched to the same degree. Today, uncertainties 
regarding the durability aspects of adhesively bonded FRP/steel joints present a major obsta-
cle to their growing application. This thesis aims to deepen the understanding of the structural 
effects of environmental exposure conditions relevant to bridges on bonded FRP/steel joints, 
with a focus on predicting the mechanical response of aged joints.  
Firstly, to map out the research needs, a comprehensive state-of-the-art literature review 
was carried out, and the most important identified knowledge-gaps were pursued for research. 
An extensive experimental programme was conducted including long-term testing of bonded 
FRP/steel joints that were subjected to various temperature ranges, humidity levels, and cyclic 
exposure scenarios. Among other factors, the effects of adhesive layer thickness and type of 
FRP material were investigated. The results showed the importance of FRP permeability on 
moisture and damage distribution profile in bonded joints. In addition, freeze–thaw cycles 
were found to have no unfavourable effects on the strength of dry or preconditioned joints. 
Complementary material characterization tests were also conducted to study moisture diffu-
sion kinetics. These results underlined the importance of considering the exposure history for 
prediction and design purposes. Furthermore, the dependency of cohesive laws of the adhe-
sive material on environmental exposure was investigated using an innovative approach based 
on open-face specimens in conjunction with the J-integral analysis. 
FE simulations were incorporated to predict the mechanical response of joints after environ-
mental ageing. Firstly, the applicability of the cohesive zone modelling approach to strength 
prediction of bonded FRP/steel joints was investigated. The results confirmed the accuracy of 
the predictions provided that the variation of failure modes were taken into account. Moreo-
ver, the minimum required overlap length was found to be directly proportional to the shape 
of cohesive laws. This finding, in combination with the environmental-dependent cohesive 
laws, can be employed in the design phase to ensure sufficient anchorage length after in-service 
exposure. Lastly, sequentially coupled moisture diffusion–fracture analysis were found to pro-
vide reasonable predictions of the mechanical behaviour of environmentally aged joints. This 
study provides the basis for durability-related experimental characterisation methods and pre-
dictive modelling of adhesively bonded FRP/steel joints.  
Keywords: fibre reinforced polymer, durability, long-term performance, adhesively bonded 
joints, FRP/steel joints, moisture diffusion, cohesive zone modelling  
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Part I 
Extended Summary 
 
1 Introduction 
1.1 Background 
The design life of many civil engineering structures is 80-120 years, yet of many bridges 
that were built in different parts of the world in the beginning of the last century, the ma-
jority are still in service. According to study conducted in 2004 [1], steel bridges account 
for a large stock of old European bridges that have reached or will soon reach the end of 
their service-life. As opposed to rebuilding these bridges, strengthening and retrofitting 
could be a more economical solution provided that conventional repair methods are re-
placed by more durable and cost-effective upgrading techniques [2]. 
Fibre reinforced polymer (FRP) composites were firstly introduced in aerospace indus-
try during 1940s. Despite superior properties of FRPs in structural applications, high 
production costs initially prevented their acceptance in extremely cost-driven and con-
servative construction industry. Nevertheless, continuous growth in FRP industry lowered 
production costs, and FRP materials finally found their acceptance in construction sector 
during the late 1980s [3]. FRPs offer superior advantages over conventional construction 
materials, such as steel, the most notable of which are their rusting resistance, high 
strength-to-weight ratio and light weight. With the advances in polymer science, adhesive 
bonding has become a prominent joining technology that possesses several advantages 
over mechanical fastening techniques, such as lower weight, less fabrication costs and 
more uniform stress distribution. The unique properties of FRP composites combined with 
advantages of adhesive bonding, has made FRP bonding an attractive method for strength-
ening, repair and refurbishment of existing structures.   
In the past four decades, carbon fibre-reinforced polymer (CFRP) laminates have been 
used in practice to strengthen and repair concrete structures [4]. In the past few years, there 
has been also a trend towards the use of FRP bonding technique to strengthen and repair 
of steel [5,6] and timber structures [7,8]. Moreover, FRP materials have found their way 
into whole- and partial-FRP structures, e.g. using glass fibre-reinforced polymer (GFRP) 
deck systems on steel girders for the construction of hybrid FRP bridges or the refurbish-
ment of existing steel bridges. As a result, there is a great deal of interest in studying the 
behaviour of FRP/steel adhesive joints from the short- and long-term behaviour perspec-
tives. 
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One problem with the application of FRP/steel joints in construction industry is uncer-
tainties regarding the long-term performance of such joints. As for many other structures 
exposed to outdoor environments, the effectiveness and strength of adhesively-bonded 
FRP/steel joints in bridges is dependent on environmental durability of each and every 
constituent. In spite of the fact that the FRP materials used in existing bridges have exhib-
ited acceptable outdoor performance with very seldom problems being reported in the 
literature, their relatively new application and lack of knowledge regarding their long-term 
performance and environmental degradation mechanisms have hindered their widespread 
application in steel structures. This lack of knowledge is currently compensated by apply-
ing a multiple of large safety factors to the strength of composite materials, which 
dramatically increases the material usage [5,9]. 
Concerns related to the environmental durability of adhesive joints have been pointed 
out in recent research publications, in which understanding the underlying mechanisms of 
degradation [10–12] and quantifying the long-term performance [13,14]	have been in focus. 
However, most of these research projects have been conducted within fields such as aero-
space and automobile industry that have distinct differences with civil engineering 
applications [15,16]. Loading types, curing conditions, operating environments, material 
production, joint geometry, and manufacturing conditions are some examples of the afore-
mentioned dissimilarities. In fact, there is still a lack of knowledge about the long-term 
performance of different adhesives and FRP composites (i.e. on material level) used in in-
frastructural applications. 
A common approach to investigate the long-term performance issues is to use acceler-
ated testing scenarios. In such tests, usually very harsh scenarios are formulated to achieve 
high damage rate in a relatively short time. Nevertheless, due to the unrealistically severe 
applied conditions, these tests tend to exaggerate the degradation rate [17]. Furthermore, 
the use of accelerating parameters, such as high temperature, may activate damaging 
mechanisms that may never happen during the life of a bridge. Hence, while the use of 
such conditions may be justifiable for automotive and aerospace industries, their validity 
for bridges and similar structures, with a much longer service life and less harsh exposure 
conditions, is doubtful. Another shortcoming of accelerated tests is the lack of time corre-
lation between the test and real service conditions, which makes it almost impossible to 
accurately predict the service life.  
With the improved computational capabilities in recent years, numerical methods have 
provided new possibilities to investigate complex issues, such as the long-term perfor-
mance, more effectively. However, the results obtained from these methods need to be 
correlated and verified by observations and/or testing of structures in real conditions be-
fore they can be considered reliable. In addition, given the uncertainties regarding the long-
term behaviour of bonded FRP joints in bridge structures, modelling the possible synergies 
between various damaging mechanisms becomes inherently cumbersome. Therefore, there 
is a large need to develop accurate durability data and experimentally verified assessment 
approaches valid for adhesively bonded FRP/steel joints used in bridge applications. 
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1.2 Aim and objectives 
The overall aim of the project is to establish a framework for the long-term performance 
and durability assessment of adhesively bonded FRP/steel joints exposed to any combina-
tion of moisture and temperature. Within this overall aim, the following main objectives 
are defined and covered in this thesis: 
 To review the state-of-the-art on durability of FRP composites, structural adhesives 
and FRP/steel bonded joints used in bridge applications with the emphasis on iden-
tifying the influential environmental factors, damaging mechanisms, and collecting 
the available long-term performance data. 
 To study the influence of various geometrical and material parameters, relevant to 
durability aspects, on mechanical behaviour of FRP/steel joints using advanced nu-
merical methods such as the damage mechanics. 
 To characterize the temperature, moisture and exposure-history dependent material 
properties and implement the outcome in the developed modelling procedure. 
 To investigate how hygrothermal, wet-dry and freeze-thaw exposure conditions can 
affect the mechanical properties of adhesively bonded FRP/steel joints. 
 To predict the residual strength and mechanical response of environmentally aged 
bonded joints exposed to hygrothermal and cyclic ageing conditions. 
1.3 Methodology and scientific approach 
Figure 1.1 shows the methodology that was used to realize the overall aim of this project. 
As can be seen, both experimental and numerical tools were used. An extensive literature 
study was performed to obtain the state-of-the-art on durability of adhesively bonded 
FRP/steel joints used in civil engineering applications. Special consideration was given to 
identifying the common long-term performance assessment approaches, possible syner-
gies between various ageing factors, and the most relevant available experimental studies. 
Based on the findings of the literature study, a series of experiments were designed to 
characterize the effect of various ageing conditions at material- and joint-level. Given that 
the aim of the project is to establish a methodology that can be applicable to any types of 
composites, adhesives, etc., no attempt is made to compare different types of materials. 
Hence, only one type of each material is used in the experimental work. Furthermore, the 
applicability of the cohesive zone modelling concept to predict the strength of bonded 
FRP/steel joints, with interfacial, cohesive or FRP delamination failure modes, was inves-
tigated by means of 2D and 3D finite element (FE) analyses. In addition, coupled 3D FE 
analyses were performed to study the effects of ageing in humid conditions on the me-
chanical response and fracture of bonded FRP/steel joints. 
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1.4 Limitations 
The work in this thesis involved studying the durability of adhesively bonded FRP/steel 
joints. The following limitations apply: 
(1) The exposure environments, materials and configurations were chosen to be repre-
sentative of the application of bonded FRP/steel joints in a typical bridge in Sweden. 
(2) Only one type of adhesive, steel, CFRP, and GFRP materials were considered, and 
therefore the results might not be applicable to other materials. 
(3) Only temperatures below the glass transition temperature of adhesive were utilized. 
(4) Only quasi-static loads were considered. 
(5) The interfacial moisture diffusion, creep and load-assisted diffusion were neglected 
in the moisture diffusion finite element analyses. 
(6) Only the effects of ageing at a structural-level were investigated. 
  
 
Figure 1.1. Method for the study 
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1.5 Significance of research 
The original contributions of this research are summarised as follows: 
 A detailed review on environmental durability of adhesively bonded FRP/steel joints 
in civil engineering applications is provided (Paper I). Special attention is paid to the 
effects of moisture, temperature as well as their combined action at both material and 
joint-level. The review covers most of the new research results in this field. Scientific 
community (especially young researchers) could directly benefit from the paper, the 
list of references, and the identified knowledge-gaps. 
 Experiments were conducted to study the structural effects of moisture on FRP ma-
terials used in bridges (Paper II and Paper IV). The results of these investigations 
contribute to the long-term data of FRPs used in construction sector, which are lim-
ited. Furthermore, the numerical results provide additional knowledge and 
understanding on the mechanical behaviour of FPR/steel adhesive joints in the pres-
ence of moisture. 
  The structural effects of moisture, de-icing salt solution, temperature, FRP type, and 
adhesive layer thickness were investigated using a comprehensive experimental pro-
gramme (Paper IV). Residual strength tests were performed after extended exposure 
durations (up to three years). These tests provide information on the combined and 
isolated effects of some of the investigated factors, which is to the authors’ 
knowledge, rare if not unique. 
 The strength and mechanical behaviour of a number of different configurations with 
various failure modes are successfully predicted using the directly measured cohe-
sive laws (Paper III). This method does not require further calibration or back-
calculation of the material data that is often used by other researchers.  
 The effects of moisture, freeze-thaw cycles and their synergy on fracture properties 
(cohesive laws) of an adhesive was measured using a novel approach (Paper V). This 
method is based on open-face specimens in conjunction with the J-integral analysis, 
which allows for fast moisture diffusion into the adhesive layer and minimizes the 
dimensions of specimens. Such experiments have not been reported before and are 
useful from an engineering perspective. 
 Bridges are frequently exposed to environmental conditions with cyclic nature. This 
subject was investigated using extensive experiments at material‐ and joint‐level sub-
jected to various cyclic environmental scenarios (Paper VI). In addition, multi-
physics numerical modelling tools were used to develop a predictive modelling plat-
form for residual strength prediction of these joints. To the authors’ knowledge, the 
combined effects of moisture and thermal cycles, such as freeze/thaw, on the strength 
of bonded joints have been scarcely investigated. 
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1.6 Outline of the thesis 
This thesis consists of an introductory section and six appended papers.  
In Chapter 1, the background of the work, aim, objectives and scope of the study to-
gether with a general description of its scientific methods and original contributions are 
provided.  
Chapter 2 present an overview of the predictive durability-modelling approaches that 
could be used to predict the strength of bonded composite joints after extended in-service 
exposure.  
Chapter 3 introduces the environmental durability of adhesively bonded FRP/steel 
joints by reporting the effects of moisture and temperature on FRP composites, epoxy ad-
hesives, and bonded joints. This knowledge is extended through Paper I which presents a 
review on environmental durability of adhesively bonded FRP/steel joints 
Chapter 4 deals with fundamental aspects of cohesive zone modelling and relevant char-
acterisation methods; for more details see Paper III, V. 
Chapter 5 provides an overview of the experimental programme. Different tests and 
environmental conditions are described, see Paper II, IV, and VI. 
Chapter 6 presents the most important results of the work in terms of a brief summary 
of appended papers. 
In Chapter 7, the main conclusions from this work are drawn and suggestions for the 
future work are given. 
  
, Civil and Environmental Engineering  7 
 
2 Predictive durability-modelling approaches 
2.1 Introduction 
Adhesively bonded composite joints have been increasingly used in car and aviation in-
dustries. In these industries, the well-known merits of modern adhesives have made them 
the preferred joining method in many applications. The range of applications of adhesive 
joints in construction industry, however, is still limited largely due to uncertainties regard-
ing their design and long-term performance. On the one hand, many civil structures are 
generally designed to be in-service for more than 80 years, which is several times more 
than the service life of cars or airplanes. On the other hand, the application of adhesives in 
construction projects is mainly in-situ, which is generally accompanied by lack of a con-
trolled application environment and rather insufficient quality assurance procedures. 
Major differences in loading conditions and exposure environments also adds to the com-
plexity associated with their design. 
The abovementioned uncertainties are currently compensated by applying a multiple of 
large safety factors to the strength of composite and adhesive materials , which dramati-
cally reduces the efficiency [5,9]. The tendency to “overdesign” the adhesively bonded 
composite joints has hindered their broader application in civil engineering projects. This 
issue can be circumvented by employing predictive methods that can reliably estimate the 
strength of bonded composite joints before and after extended in-service exposure. The 
literature on predictive methods that account for the effects of environmental exposure 
shows a variety of approaches, which can be categorized under four main models, see Fig-
ure 2.1. 
 
Figure 2.1 Predictive durability-modelling approaches proposed in the literature 
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2.2 Mechanistic models 
The mechanistic models are based on relating the activated chemical reactions, upon expo-
sure to environmental conditions, to the damage progression in bonded assemblies. These 
models, therefore, require detailed knowledge of the kinetics and mechanisms of environ-
mental attack within the constituent materials of bonded joints as well as across their 
interfaces. Hydrolysis, oxidation, galvanic or cathodic corrosion are some examples of the 
damaging mechanisms that can be activated in the presence of moisture.  
The core element of the mechanistic approach is to model the rate of environmental-
damage processes and to relate them with the mechanical properties of the joint’s constit-
uents. Once this information is obtained, stress-based or fracture-based models can be 
subsequently used to estimate the residual strength and life of aged bonded structures. To 
date, the attempts to empirically model the rate of environmental attacks have not proved 
to be very successful [18]. This is mainly because characterising the rate of such chemical 
reactions in bonded composite joints is very difficult and still in its developmental stage 
[19]. 
2.3 Non-mechanistic models 
The difference between the non-mechanistic and mechanistic models is that the detailed 
knowledge of chemical reactions and degradation mechanisms is not required when using 
the former approach. Instead, the effects of the ageing substance, e.g. moisture, tempera-
ture, or UV radiation, on the mechanical properties of the joint’s constituents are 
experimentally characterized. The environmental-dependent mechanical properties are 
then explicitly related to quantitative parameters representing the ageing substance, for 
instance moisture content. These material properties will form the basis of the non-mech-
anistic durability modelling approaches. 
A perquisite of any non-mechanistic analysis is to map out the distribution of the ageing 
substance in different parts of the studied configuration after exposure to certain ageing 
conditions for a given time. This step is necessary to define the relationship between the 
obtained material properties and the bonded assembly. This information is usually 
achieved through thermal or mass diffusion analysis. Once the correct set of mechanical-
properties is assigned to the assembly, stress-based or fracture-based models can be used 
to estimate the strength of the aged configuration. This procedure can be done by using 
sequentially- or fully-coupled analysis. 
Although the non-mechanistic models do not require a detailed knowledge of environ-
mental damage kinetics, they require multi-physics analysis. For this reason, a number of 
fundamentally different tests are needed to obtain the required input data for various 
physical models. Some of the limitations of the non-mechanistic models are the lack of 
consistent test methods, validated test data, and versatile design methods which are 
needed to obtain quantitative life estimation of bonded composite joints for a given appli-
cation.  
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2.4 Correlation factors 
This approach uses simple algebraic expressions to correlate empirically obtained strength 
loss of joints after ageing for relatively short durations with physical or chemical changes 
caused by a certain ageing substance. Moisture content, color change, swelling, hardness, 
wear or appearance of cracks are among some of the abovementioned changes. The long-
term strength of joints are predicted through extending the obtained correlations from the 
short-term measurements. The extensions are generally performed by determining an al-
gebraic expression. The most important shortcoming of this approach is the large amount 
of experimental data that are needed to obtain good correlations, which are only valid for 
one specific exposure condition.  
2.5 Extrapolation of accelerated test data 
Accelerated laboratory experiments are the most common type of tests used to assess the 
durability of bonded joints. These tests are generally used for comparative assessment of 
different materials and joining methods using extremely harsh conditions. In addition to 
comparative analysis, the accelerated test results can be used to obtain acceleration factors. 
An acceleration factor relates degradation and exposure time, and can be used to estimate 
the life of joints exposed to less damaging natural ageing conditions. However, as the dam-
age progression is accelerated through the use of extremely harsh conditions (such as high 
temperature), uncontrolled damaging mechanisms might be triggered. This leads to unre-
alistic degradation levels far greater than those that might be experienced by a joint in 
service conditions. As a result, the accelerated test results, often, tend to overestimate the 
degradation of joint strength. 
2.6 Summary 
The uncertainties associated with the long-term performance of adhesively bonded com-
posite joints used in civil engineering applications is currently compensated by the use of 
large safety factors.  Therefore, there is a need for design methods that account for the 
effects of environmental ageing conditions during the design phase. Several approaches 
can be used for predictive modelling of adhesively bonded composite joints exposed to 
environmental conditions. Among these approaches, the non-mechanistic approach is suit-
able for numerical modelling, as it directly relates damage to measurable environmental 
factors.   
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3 Environmental ageing of bonded FRP/steel joints 
3.1 Introduction 
Civil engineering structures are generally exposed to a wide range of environmental con-
ditions. Ultraviolet radiation is an environmental factor that is known to affect the strength 
of composite materials [20]. In bridge applications, however, the FRP composites are usu-
ally protected from direct sun exposure, and hence, UV radiation. Hot and wet 
environmental conditions have also been shown in previous investigations to have delete-
rious effects on mechanical properties of structural adhesives and FRP composites [21,22]. 
In addition, the corrosion mechanisms of metallic alloys are accelerated in hot-wet condi-
tions. Therefore, in this chapter, the effects of moisture, which can be in form of humidity, 
liquid water or de-icing salt solutions, as well as the effects of temperature on bonded 
FRP/steel joints are briefly discussed. 
3.2 Moisture 
Moisture is one of the most problematic 
substances when discussing environ-
mental durability of adhesive joints 
with metallic adherends [11]. Many 
civil engineering structures will inevita-
bly be in direct contact with moisture 
during their lifetime. This is either due 
to the design considerations or location, 
or due to accidental or natural causes. 
Moisture, can penetrate into adhesively 
bonded joints by diffusion through the 
adhesive layer, or wicking along the in-
terfaces, or absorption through the 
porous adherend [21]. For adhesively 
bonded joints with impermeable ad-
herends, moisture diffusion through 
the adhesive layer is the primary route 
of moisture ingress into the joint. FRPs, 
however, are permeable materials 
which can provide shorter moisture in-
gress routes into the adhesive layer of bonded FRP/steel joints. 
As depicted in Figure 3.1, the penetrated moisture can affect joint’s mechanical proper-
ties through two principal mechanisms [23–26]:  
(i) Degradation of adhesive and/or adherends, 
(ii) Degradation of adherend/adhesive interface(s). 
 
Figure 3.1 Schematic drawing of the most important 
moisture-induced damaging mechanism in bonded FRP to 
metal joints 
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A review of the literature reveals that the degradation of mechanical properties of struc-
tural adhesives and FRP materials have been commonly found to be proportional to their 
moisture content (see, for example, [27–30]). Therefore, this section provides an overview 
of the mechanisms of moisture ingress into these materials as well as its damaging mecha-
nisms. Furthermore, the interfacial adhesion in the presence of moisture is concisely 
discussed. 
3.2.1 Mechanisms of moisture ingress 
The moisture uptake in polymeric materials, such as epoxies or resin matrix of FRP mate-
rials, depends mainly on their chemical composition, and is generally dominated by 
“diffusion”. The word diffusion derives from the Latin word, diffundere, which means "to 
spread out". In chemistry, a substance that “spreads out” is moving from an area of high 
concentration to an area of low concentration. Therefore, in principle, water molecules 
move into polymeric materials because of a concentration gradient. 
The diffusion process in epoxy adhesives is facilitated due to their surface topology [31] 
and resin polarity [32]. Soles et al. [31] found that moisture initially penetrates into the 
epoxy structure through the inherent nano-voids of the epoxy surface topology, which 
vary from 5–6 Å in diameter. Water molecules have an average diameter of 3 Å and can 
easily enter epoxies. The polarity of epoxies is due to the presence of hydrophilic groups 
that attract highly polar water molecules through hydrogen bonding. 
In addition to the diffusion of moisture into resin matrix, moisture can enter FRP mate-
rials through two other mechanisms [33,34]:  
(i) Capillary transport of water molecules along the fibre/matrix interface, 
(ii) Penetration into micro-cracks and voids. 
Fibre/matrix interfaces provide preferential path-ways for moisture to enter FRP compo-
sites. This effect can lead to enhanced moisture ingress in the fibre direction and is often 
known as the “wicking effect”. For example, Pierron et al. [35] reported an extremely larger 
diffusion rate along the fibre direction than that in transverse to the fibre direction. The 
existence of voids can also significantly increase the moisture uptake. In this regard, Thom-
ason [36] showed that the presence of only 1% voids, can double moisture uptake 
compared to a void-free GFRP composite. 
The diffusion properties of adhesives and FRPs are essential sets of required data to 
investigate the effects of moisture on adhesively bonded FRP/steel joints using numerical 
methods. As the diffusion process in polymeric materials is governed by concentration-
gradients, Fick’s laws of diffusion are often used to express them [34]. In this context, the 
simple Fickian model  is the most commonly used method [37,38]. However, anomalous 
diffusion behaviour after the initial moisture uptake has been reported for some adhesives 
[29,39–41] or FRP composites [39,42–44]. Several models have been proposed to predict 
such behaviour, including the dual-Fickian (relaxation-dependent) [45,46], the delayed 
dual-Fickian [47], the concentration-dependent [48], the time-dependent [49], and the 
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Langmuir model [50,51]. Glaskova et al. [49] investigated the accuracy of a number of these 
models for a selected epoxy and found the Langmuir and dual-Fickian models more accu-
rate. Figure 3.2 depicts the two diffusion models that are used in this study. 
 
Figure 3.2 Fickian and dual-Fickian diffusion models 
3.2.2 Effects of moisture on epoxy adhesives and FRP composites 
Depending on the polymer structure and chemical composition, the absorbed moisture can 
lead to physical or chemical changes of adhesives and FRP materials. Physical degradation, 
which is basically temperature dependent, may dramatically change material properties. 
However, these changes are reversible and will be recovered upon drying. Chemical deg-
radation, on the other hand, is accompanied with irreversible material changes, and is 
usually initiated upon longer exposure durations or harsher conditions. 
Moisture can alter epoxy adhesives and FRP resins through plasticization, swelling, 
cracking, and hydrolysis [42,52,53]. Moisture-induced plasticization often leads to severe 
degradation of modulus of elasticity and strength of polymer adhesives [54–62]. However, 
as it is thoroughly discussed in Paper II, low concentrations of water and subsequently a 
small amount of moisture-induced plasticization may actually be beneficial at joint-level.  
Swelling is a consequence of the expansion forces exerted by moisture while stretching 
polymeric chains, and can lead to internal stresses or cracks in sandwiched structures [63]. 
The interaction of water molecules with epoxy resins was studied by Zhou and Lucas [64]. 
Their study showed that depending on the required activation energy for desorption, two 
types of bound water could be found; Type I or Type II. Type I bound water is manifested 
by disrupting the weaker inter-chain Van der Waals forces and acts as plasticizer. On the 
other hand, Type II bound water is a product of strong hydrogen bonds between water 
molecules and resin network. The amount of Type II bound water, which is harder to re-
move and causes irreversible material changes, increases with higher temperature and 
longer exposure time.  
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Wicking of moisture along fibre/matrix interface of FRP composites can lead to for-
mation of micro-cracks, and thereby loss of integrity [42,65–67]. As outline by Bradley and 
Garant [68], the transported moisture along fibres initially reduces the strength of chemical 
bonds at fibre/matrix interfaces. Secondly, matrix subsequent swelling relaxes the existing 
residual stresses along the fibre/matrix interface, thereby deteriorating interfacial shear 
strength. The formed micro-cracks also act as new routes for moisture diffusion and accel-
erate damage growth [65]. 
FRPs can also undergo degradation at fibre-level. Aramid fibres absorb moisture lead-
ing to accelerated fibrillation [16]. As for glass fibres, moisture extracts ions from fibres, 
which combined with water leads to etching and pitting of the altered-fibre’s surface [69]. 
Carbon is chemically stable at normal temperatures and does not react with water or salts 
contained in sea water. It should be mentioned that the fibre-level damage is more time-
consuming than resin- or interface-level degradation. For FRPs used in civil engineering 
applications, Karbhari [42] predicts negligible modulus change of the order of 10% over a 
period of 10-15 years. Matrix-dominated properties, such as interlaminar shear strength, 
nevertheless, are prone to significantly larger degradations after short-term exposure to 
humid conditions [70–78]. 
3.2.3 Effects of moisture on interfacial adhesion 
Interfacial debonding is often attributed to premature and sudden failure of adhesive 
joints. The presence of moisture at interfaces between different constituent materials of 
bonded joints can cause degradation or loss of adhesion forces. Such forces are generally 
attributed to the physical adsorption of molecules from the two different materials across 
the interface via secondary van der Waals forces [79]. Based on this theory, Kinloch [80] 
showed that while the adhesion between epoxy and FRP materials remained stable after 
moisture ingression, epoxy/metal interfaces were prone to interfacial debonding in the 
presence of moisture. This can be explained as follows: the ultra-thin metal-oxide layer that 
covers the surface of engineering metals attracts highly polar water molecules. The bonds 
formed between the absorbed moisture and metallic adherends are stronger than the ex-
isting van der Waals forces. In addition to reducing the contact area between adhesive and 
metallic adherend, the interface moisture can exert interfacial stresses upon swelling of the 
adhesive [81–83]. 
Corrosion of metallic adherends is another important mechanism that can contribute to 
interfacial degradation. In general, epoxy-coated metals with conductive surface oxide lay-
ers are prone to two main corrosion mechanisms; cathodic and galvanic corrosion [84–87]. 
Cathodic corrosion begins when an adhesive is in direct contact with an electrolyte. The 
electrochemical reactions that characterise the continuous cathodic delamination of 
epoxy/metal interfaces are presented in [88]. Galvanic corrosion occurs when two materi-
als with a sufficient electropotential difference are bridged together in the presence of an 
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electrolyte [89]. The possibility of galvanic corrosion between CFRP and steel has been in-
vestigated by some researchers in [90–92] who found that the electropotential difference is 
large enough for galvanic corrosion to occur. 
To improve the interfacial stability of adhesively bonded FRP/steel joints, many re-
searchers have recently proposed various methods of surface preparation and treatment 
techniques [56,93–101]. In order to maximise the interfacial adhesion, Fernando et al. [93] 
presented a systematic experimental study to identify proper surface-adhesive combina-
tions for strengthening of steel structures. Grit blasting of steel was found to be a suitable 
preparation method that leaves a clean and chemically active surface.  In addition, silane 
coupling agents have been shown in a number of studies to improve the bond integrity 
and its environmental stability by forming primary bonds at steel/adhesive interface, in-
stead of secondary van der Waals forces. Silane can also improve the corrosion resistance 
of steel adherends by forming a dense multi-molecular siloxane network that is resistant 
to moisture penetration [56]. Tavakkolizadeh and Saadatmnesh [101] also reported consid-
erable reductions of galvanic corrosion rate in steel–CFRP systems by increasing the 
thickness of the adhesive layer, which acts as an insulator. The successful application of 
silane to prevent interfacial failure of bonded FRP/steel joints exposed to harsh environ-
mental conditions is reported by Dawood and Rizkalla in [56]. 
3.3 Temperature 
Elevated temperatures, sub-zero temperature expo-
sure, and temperature variations can affect the 
performance of FRPs and FRP rehabilitated struc-
tures. It is generally accepted that the resin matrix, 
adhesive and fiber/matrix interface are the most sus-
ceptible components of adhesively bonded FRP/steel 
joints to thermal effects. 
Increasing the temperature can alter the state of 
thermosetting materials, such as epoxies, from an in-
itially hard, rigid or “glassy” state to a more pliable, 
compliant or “rubbery” state. The onset of these 
changes is known as glass transition temperature (Tg), 
see Figure 3.3. In this context, the temperature ranges 
from slightly below Tg to higher values are referred to 
as elevated temperatures. Exposure to elevated temperatures can lead to increased viscoe-
lastic response of adhesives and resins. This is accompanied by significant loss of stiffness 
and strength of bonded FRP/steel joints as well as an increased moisture absorption sus-
ceptibility [16]. On the contrary, exposure to temperatures below Tg and above room 
temperature (RT) is advantageous as it can result in further post-curing [102,103]. It should 
be noted that Tg of epoxies is strongly dependent on the curing conditions; curing at ele-
vated temperatures can result in higher Tg than that of the same material cured at room 
 
Figure 3.3 Definition of glass transition 
temperature, Tg 
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temperature. This phenomenon is believed to be the reason for the improved environmen-
tal-durability of FRP/steel joints cured at elevated temperatures tested by Nguyen et al. 
[104]. 
Sub-zero temperature exposure can lead to FRP matrix embrittlement, matrix harden-
ing, matrix micro-cracking, fibre/matrix bond degradation, and increased risk of 
interfacial debonding. These responses are caused by changes in the FRP constituents at 
low temperatures, or due to the incompatibility of coefficients of thermal expansion (CTE) 
of fibres and resin or steel and adhesive. As a result of the latter, shear stresses are formed 
at the interfaces, which combined with increased matrix or adhesive embrittlement can 
lead to formation of micro-cracks along adhesive/steel or fibre/matrix interfaces. Alt-
hough, the magnitude of these stresses is generally lower than the strength of resin or 
adhesive material [105], their repeated appearance under freeze/thaw cycles can be more 
detrimental. Furthermore, the presence of trapped water inside the existing cracks and 
voids of matrix or adhesive, which induces severe stresses upon volumetric expansion due 
to freezing, can lead to the formation of additional micro-cracks [106,107]. The effects of 
exposure to sub-zero or freeze/thaw cycles are illustrated in Figure 3.4. 
 
Figure 3.4 Effects of sub-zero and freeze/thaw cycles on bonded FRP/steel joints 
3.4 Research needs  
Although there is a wealth of literature on the effects of moisture and temperature on ad-
hesives and composites, the majority of tests have been conducted in engineering fields, 
such as the aerospace and automotive industries, which have distinct differences com-
pared with civil engineering applications [15,16]. Curing conditions, operating 
environments, and material production and formulations are some examples of the afore-
mentioned dissimilarities. There is, therefore, a need to conduct long-term durability tests 
utilizing service exposure and materials of relevance to civil engineering applications. An-
other limitation of the existing research is that the bonded joints tested in the 
aforementioned disciplines are usually made of aluminium adherends. Aluminium is 
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moisture impermeable which could create a completely different state of moisture distri-
bution in aged bonded joints. 
The adhesive layer thickness is another factor which can significantly affect the outcome 
of durability investigations by influencing the interfacial damage mechanisms, such as gal-
vanic or cathodic corrosion. The thickness of adhesive layer of joints found in bridges is 
usually 1–6mm which is significantly larger than the 0.1–0.25mm thick adhesive layers 
found in car or aviation applications. However, the majority of the available studies have 
used adhesive layers that are orders of magnitude thinner than those used in bridges. For 
this reason, the joint-level configurations used in this study were designed to have two 
adhesive layer thicknesses, which are representative of different applications of adhesive 
joints in bridges. 
Adhesively bonded joints used in outdoor applications, such as bridges, are often ex-
posed to aggressive environments. The combined effect of these service conditions may be 
more damaging than the adverse effect of each individual condition. The review of current 
studies is evidence of a lack of systematic long-term experiments aimed at clearly identify-
ing the individual and combined effect of each environmental parameter at joint-level. To 
address this issue, the conducted experiments in this study were designed to characterise 
the combined and isolated effects of moisture (saltwater, distilled water or relative humid-
ity) and temperature under constant or cyclic exposure conditions. 
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4 Design and failure prediction of bonded joints 
4.1 Introduction 
The failure of adhesively bonded FRP/steel joints 
may take place in one, or a combination, of the follow-
ing modes, as shown in Figure 4.1:  
(i) Cohesive failure within the adhesive layer,  
(ii) Debonding at steel/adhesive or FRP/adhesive 
interfaces, or 
(iii) Delamination in FRP, which is characterized by 
interlaminar shear strength of the FRP material.  
The rupture of the FRP laminate is an additional failure mode which can occur if the 
aforementioned failure modes could be prevented. Which failure mode governs the 
strength of FRP/steel joints depends on several parameters, including the through-thick-
ness strength of the FRP material, the geometry of the joint (see, for example, [108,109]) 
and the quality of surface preparation. In addition, as it was discussed in Section 3, envi-
ronmental ageing can affect the constituents of these joints differently, which can alter the 
failure mode of aged joints. Therefore, to accurately analyse the failure of such joints, it is 
essential to consider approaches that are applicable to different failure modes. 
Environmental ageing can result in non-uniform moisture/environmental-damage dis-
tribution profile in adhesively bonded FRP/steel joints (see Papers II, IV and VI). This 
puts another requirement on the analysis and design method when the effects of environ-
mental ageing need to be accounted for. As the conventional design methods, such as the 
stress/strain based methods are not suitable for such complex situations, alternative de-
sign approaches are needed. 
Recently, a great deal of interest has been shown in using the damage mechanics ap-
proach for strength prediction of structural adhesive joints, see, for example, [110–115]. 
One of the techniques in the damage mechanics approach is the cohesive zone modelling, 
which offers several advantages over traditional approaches. The aim of this chapter is to 
provide some fundamental aspects of the cohesive zone modelling. 
4.2 Cohesive zone modelling 
The founders of cohesive zone modelling (CZM) are Barenblatt [116] and Dugdale [117]. 
Barrenblatt introduced cohesive stresses to circumvent stress singularity problems at the 
crack tip predicted by an elastic stress analysis. The cohesive stresses were assumed to be 
acting on two crack surfaces located within a small region ahead of the crack tip, referred 
to as fracture process zone. Dugdale assumed constant cohesive stresses across cohesive 
zone to estimate the size of the plastic zone at the crack tip in metals. This method was 
further developed by Hillerborg et al. [118] to study crack growth in concrete. Needleman 
 
Figure 4.1 Possible failure modes of 
bonded FRP/steel joints 
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[119] was first to introduce the CZM in a finite element context. Since then, finite element 
analysis using CZM have been used to predict fracture in a wide range of engineering ap-
plications including adhesively bonded joints [120], delamination of FRPs [121], and bi-
material interfaces [122]. Cohesive elements were implemented in version 6.5 of Abaqus® 
and are nowadays available in most commercial finite element software. 
The basic idea of CZM is that microscopic damage is simulated along a pre-defined 
crack path. By doing so, the stress singularity at the sharp crack tip is replaced with a frac-
ture process zone, where the damage caused by the stress field reduces the material 
strength. In other words, the fracture formation is considered as a gradual process in which 
the separation of the crack surfaces takes place across an extended crack tip, or cohesive 
zone, and is resisted by cohesive stresses. This model is depicted in Figure 4.2 for a cracked 
structure loaded in pure Mode-I, after [123]. The undamaged material is assumed to have 
a finite tensile strength equal to ?̂?𝑛. At a certain distance from the crack tip, or stress raiser, 
the stress increases to ?̂?𝑛. Hillerborg [124] denotes this position as the head of a fictitious 
crack, which is an extension of the macroscopic crack tip by the length of the fracture pro-
cess zone, 𝐿. As the material within fracture process zone (-𝐿 ≤ 𝑥1 < 0), undergoes 
damage, its ability to transfer stresses reduces and the fictitious crack opens, ߜ𝑛. The weak-
ening of the material continues with increasing opening until the critical end-opening 
value, ߜ𝑛∗ , is reached. At this point the material becomes completely damaged at the crack 
tip, or stress raiser, 𝑥1 = -𝐿. The completely damaged material does not transfer stresses 
anymore, which indicates the formation of new crack surfaces. This process is simulated 
in cohesive zone models by using “cohesive laws”. A cohesive law provides the relation-
ship between the cohesive stresses (tractions) and separations along fracture process zone.  
 
Figure 4.2 Representation of a fracture process zone with initial zero thickness by a cohesive law: (a) the 
physical problem, (b) stress distribution ahead of the crack tip, (c) cohesive zone model, (d) cohesive law 
(slightly modified from [123]) 
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Cohesive laws relate stresses to separations. Consequently, they automatically include 
an energy-based propagation criterion inherent to fracture mechanics principles. In this 
regard, the total area under a cohesive law is equivalent to the work required to produce 
fracture, also known as fracture energy (𝐽𝑐). 
A notable advantage of the CZM, which has been outlined by many researchers, is its 
wide range of applicability. This is mainly because the CZM incorporates a damage initia-
tion criterion (i.e. no need of initial cracks) as well as an energy-based propagation 
criterion. Stress/strain-based models are not suitable when fracture emerges from the lo-
cations of stress singularity, such as bi-material interfaces or sharp corners. Methods based 
on the linear elastic fracture mechanics, LEFM, are only useful when an initial crack is pre-
sent. In addition, as it is discussed in Section 4.2.1, the LEFM method is not applicable to 
materials with ductile fracture. The CZM does not suffer from these restrictions, and hence, 
is suitable to model fracture of complex structures such as environmentally aged adhe-
sively bonded joints [61]. The application of the CZM to model the fracture of adhesively 
bonded FRP/steel joints is thoroughly discussed in Paper III. 
4.2.1 Fracture process zone 
As discussed before, fracture process zone (FPZ) is the region at the proximity of a crack 
tip where inelastic processes such as plastic deformation and micro-cracking take place. 
The adhesive layer in adhesively bonded joints is often regarded as a macroscopic crack. 
In modelling the structures with cracks, the size of FPZ determines whether or not it is 
necessary to consider the existence of a cohesive zone. This is of particular importance 
when deriving the cohesive laws of a material from experiments. 
It is assumed in the LEFM that specimen deforms mainly elastically.  Given the inelastic 
nature of processes at FPZ, the LEFM is only applicable if the length of FPZ is small com-
pared to the specimen size. Under this condition, the stresses outside the FPZ and in the 
vicinity of the crack tip approach the stress field of LEFM, see Figure 4.3. This region is 
 
Figure 4.3. Illustration of different zones at crack tip 
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denoted the K-dominant zone. Regardless of the specimen size, geometry and loading con-
figuration, the stresses within the K-dominant zone can be obtained by stress intensity 
factor, K [125]. Far from the FPZ, the stress field is determined by the shape of the specimen 
and the loading conditions. Within the FPZ, the stress field is governed by cohesive trac-
tions obtained from the cohesive laws. If the size of the FPZ is smaller than the K-dominant 
zone, a critical stress intensity factor can be used as a crack growth criterion, which makes 
the damage progression in FPZ, i.e. cohesive laws, unimportant. Modern adhesives, how-
ever, are generally formulated to undergo large deformations prior to fracture, a 
consequence of which is the formation of a large FPZ ahead of the crack tip. In such condi-
tions, the size of FPZ is often considerably larger than the size of the K-dominant zone. As 
a result, the stresses ahead of the crack are no longer controlled by the LEFM stress field 
and become dependent on the specimen geometry. This violates the assumption of small-
scale FPZ of the LEFM. Hence, cohesive zone modelling, using cohesive laws as the correct 
material properties, should be preferred. In addition, experimental characterisation of co-
hesive laws should be performed using methods that are not based on small-scale FPZ. 
This can be achieved by using the J-integral. 
4.2.2 J-integral 
In 1968, Rice [126] developed a method to characterise nonlin-
ear material behaviour ahead of a crack. The characterisation 
of the local deformation field near cracks or other stress rais-
ing features is a complicated process. This is mainly because 
the material in this region usually undergoes substantial non-
linear deformations. To circumvent this problem, Rice intro-
duced a two-dimensional path-independent line integral, 
which he called the J-integral [126]. Using the path independency of the J-integral, he 
showed that the local deformation field near a crack tip can be determined by studying the 
remote stress, strain and displacement fields that are easier to obtain. In other words, the 
J-integral evaluated around the FPZ and around the external boundaries yield the same 
value, see Figure 4.4, and is given by: 
𝐽 = ∫ (𝜎d𝜀d𝑦 − 𝐓. d𝐮d𝑥 d𝐶)
𝐶
 (4.1) 
where C is any arbitrary counter-clockwise integration path, σ and ε denote the stress and 
strain tensors, and T and u the traction and displacement vectors, respectively.  
Rice [126]  showed that the value of this integral for a cracked body subjected to quasi-
static loading is equal to the energy release rate, G. By idealizing elastic-plastic defor-
mations as nonlinear elastic, he was able to generalize the energy release rate to nonlinear 
materials, and thus, extending fracture mechanics methodology well beyond the validity 
limits of the LEFM.  
 
Figure 4.4 Path-independency 
of the J-integral 
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For a monotonically loaded adhesively bonded joint, Högberg et al. [127] evaluated 
Eq. (4.1) along a contour encircling the crack tip and derived: 
𝐺 = lim𝐶→0 𝐽𝐶 = ⎝
⎜⎛∫ 𝜎d𝑤
𝑤
0
+ ∫𝜏d𝑣
𝑣
0 ⎠
⎟⎞
𝑥=0
 (4.2) 
where w and v are normal and shear deformations of the adhesive layer at crack tip (x=0). 
This equation shows that the evaluated J-integral represents the work of the cohesive trac-
tions under Mode-I and Mode-II cohesive laws. Furthermore, Sørensen and Kirkegaard 
[128] showed that by continuous measurement of the J-integral and peeling or shear defor-
mations at the crack tip, the cohesive laws could be determined by differentiating Eq. (4.2) 
as follows: 
𝜎(𝑤, 𝑣) = ∂𝐽𝐶(𝑤, 𝑣)∂𝑤 ,        𝜏(𝑤, 𝑣) =
∂𝐽𝐶(𝑤, 𝑣)∂𝑣  (4.3) 
4.3 Characterisation of cohesive laws 
The measurement of cohesive laws, as material models, is essential for successful applica-
tion of the CZM. Such measurement methods, however, have been the subject of less 
research compared to the extensive development of the CZM numerical models. The frac-
ture test methods provided in the current standards have been developed within the 
context of linear elastic fracture mechanics, LEFM (such as, ASTM D3433 [129]). However, 
as discussed before, the application of the LEFM to materials with large FPZ can be accom-
panied with substantial error (see, for example, [130]). In this section, a brief overview of 
the methods that have been proposed for characterisation of cohesive laws is presented. 
The most straightforward experimental approach to characterise the cohesive laws is 
the pure tensile or shear testing methods using coupon specimens. In this method, the ap-
plied stress at the ends of specimen and the opening displacement on both sides of the 
damaged zone are measured [131]. Practical difficulties associated with this method are to 
obtain stable cracks as well as uniform separation and stress distribution across the speci-
men width [132]. 
Another method is the so-called “inverse method”, which is based on numerical simu-
lations of tested specimens. In this method a number of incremental finite element 
simulations with varying cohesive law are conducted. The cohesive law that gives the best 
fit to experimental measurements, usually the load-displacement curve [133], is taken as 
the “true” cohesive law. A drawback of this method is that the shape of cohesive law is not 
identified experimentally, which limits the accuracy of the characterised cohesive laws to 
that of the assumed trials. 
Recently, a method based on the J-integral has been used to directly characterise the 
cohesive laws of a specific material or interface from experiments [134–140]. This approach 
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is called the “direct method” and requires the simultaneous measurement of the end-open-
ing of the crack, and the J-integral value. The cohesive laws are derived by the 
differentiation of the energy release rate with respect to the separation at the crack tip, cf. 
Eq. (4.3). The experimental measurement techniques and numerical data reduction 
schemes for the direct method are presented in Paper V.  
4.4 Summary 
 Cohesive zone modelling is a versatile method that can be used to predict the failure 
of adhesively bonded FRP/steel joints with various possible failure modes. When 
using the CZM, both the damage initiation and propagation procedures are mod-
elled. Hence, it can be used to overcome the need for an initial crack in the LEFM, 
and stress singularity problems of stress-based approaches. 
 Modern adhesives are formulated to undergo large deformations prior to fracture. 
As a result, the size of fracture process zone ahead of crack often becomes significant 
compared to other dimensions of the specimen. Under these circumstances, the 
LEFM method is no longer valid, and the FPZ should be modelled by a cohesive 
zone. 
 The direct method based on J-integral is used in this thesis to directly characterise 
the cohesive laws of a ductile epoxy adhesive from experimental measurements. 
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5 Overview of the experimental programme 
Figure 5.1 shows the flowchart of the experimental programme, which was divided into 
two main branches:  
(i) Experiments aimed at characterizing the environmental effects at material-level,  
(ii) Experiments aimed at studying the behaviour of environmentally aged joints.  
The material characterization tests were designed to obtain moisture diffusion as well 
as environmentally dependent mechanical properties of the constituent materials of 
FRP/steel joints. Standard gravimetric measurements were modified and used to obtain 
1D and 3D diffusion characteristics (Paper II for constant exposure and Paper VI for cyclic 
exposure). Standard tensile material coupons were used to investigate the effects of aging 
on tensile properties of the adhesive material and FRP composites (Paper IV for constant 
exposure and Paper VI for cyclic exposure). The dependency of the Mode-I and Mode-II 
cohesive laws of the adhesive material on environmental ageing was studied using open-
face double cantilever beam (DCB) and end notched flexure (ENF) specimens, respectively 
(Paper V). The outcome of these tests served as the input data for the numerical analysis.  
In order to investigate the long-term performance and identify the environmental dam-
aging mechanisms at joint-level, adhesively bonded CFRP/steel and GFRP/steel double 
lap shear (DLS) joints were manufactured. The advantage of the DLS configuration com-
pared to the other commonly used joints is the ease of failure detection and relatively 
straightforward testing procedure. In addition, the stress state at the outer ends of the bond 
line in a DLS specimen is very similar to that of steel girders strengthened with FRP lami-
nates [141]. The adhesive layer thickness of these specimens were designed to represent 
typical field applications of bonded FRPs in bridges. More importantly, this test series were 
used to verify the FE analysis predictions of environmentally aged joints. Therefore, in the 
planning of the test matrix, special consideration was given to include sufficient testing 
intervals and exposure combinations. In this regard, the following exposure scenarios were 
included: 
(i) Water immersion vs. high relative humidity levels,  
(ii) Exposure to de-icing salt solutions likely to occur in bridges,  
(iii) Temperature as an accelerating factor compared with ambient temperature condi-
tions,  
(iv) Cyclic wet/dry exposure scenarios,  
(v) Freeze/thaw cycles in the absence/presence of moisture/de-icing salts. 
In the design of the experiments, special consideration was given to avoid activating 
unrealistic damaging mechanisms at high temperatures. Therefore, in addition to the 
abovementioned experiments, the glass transition temperature (Tg) of the adhesive mate-
rials was measured using dynamic mechanical analysis (DMA). The DMA tests were 
carried out on three epoxy adhesive specimens using a TA Instruments® DMA Q800 ma-
chine, see Figure 5.2. The oscillatory strain amplitude of 0.01 % was applied at a frequency  
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of 1 Hz on a tensile setup while the sample was heated up at a rate of 2 °C/min from 25 °C 
to 100 °C. The average results for all specimens are plotted in Figure 5.3. It can be seen that 
the onset of storage modulus loss is at 55 °C, while the peak of tan(δ) is found at 65 °C. 
Although both of these values can be interpreted as Tg of adhesive, the former is more 
meaningful from a mechanical perspective. Thus, Tg = 55 °C was considered for the adhe-
sive, and the exposure scenarios were designed to have at least 10 °C margin as 
recommended in [142,143]. 
 
 
Figure 5.2 Clamped specimen inside the furnace 
of DMA testing machine 
 
Figure 5.3 DMA test results of the adhesive material 
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6 Summary of appended papers 
On the basis of the previous chapters, a framework for long-term performance assessment 
of bonded FRP/steel joints was developed. The appended papers include thorough docu-
mentation of this work. In this chapter, the content of each paper is briefly summarized. 
Paper I: “Environmental durability of adhesively bonded FRP/steel 
joints in civil engineering applications: State of the art” 
A literature review of the effects of moisture and temperature, as the most important envi-
ronmental factors, on the long-term performance of bonded FRP/steel joints used in bridge 
applications is presented in this paper. At material-level, the collected test results of the 
effect of moisture on the mechanical properties of the most commonly used structural ad-
hesives and resins showed a clear correlation between the elastic modulus and tensile 
strength with moisture content. The failure strain, on the other hand, did not exhibit a clear 
trend with increasing moisture content.  
This paper also includes the review of the most relevant literature focusing on the joint-
level damaging mechanisms. Particular attention was paid to the interfacial adhesion in 
the presence of moisture. The available experimental results revealed noticeably superior 
performance of joints made with grit-blasted steel adherends treated with coating agents, 
such as silane, compared with grit-blasted-only series. As can be seen in Figure 6.1, the 
strength reduction rates of joints with interfacial failure mode are clearly larger than spec-
imens with other failure modes. Another observation from this figure is the relatively short 
exposure durations of the available long-term experiments compared with the service-life 
of civil structures. Thus, there is a need for tests with ageing durations of at least 18 months, 
as suggested by Karbhari et al. [16]. Similar to moisture, thermal cycles were found to be 
the most damaging to joints suffering from weak steel/adhesive interfaces. No study was 
found to address the effect of freeze-thaw cycles on strength of joints that contain moisture.    
 
Figure 6.1 Strength variation of bonded FRP/steel joints with increasing moisture exposure duration in 
humid conditions; experimental data from Refs. [56,144–147] 
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Paper II: “Effects of Moisture on the Long-term Performance of Adhe-
sively Bonded FRP/steel Joints Used in Bridges” 
In Paper I moisture was identified as the most important factor affecting the durability of 
bonded joints. Therefore, in this paper, moisture diffusion into bonded joints with perme-
able adherends, and its consequences on the long-term performance of FRP/steel joints 
were investigated. Gravimetric experiments were utilized to obtain the moisture diffusion 
characteristics of GFRP and CFRP composite materials, as well as epoxy adhesive. The 
GFRP material was found to be highly permeable in immersion condition, which was be-
lieved to be due to its low fibre volume, type of resin material, and stack layup. The same 
material, however, hardly absorbed any moisture when exposed to high relative humidity 
conditions. The characterised diffusion properties were used as input data for mass diffu-
sion FE analysis to predict the moisture distribution in joints with different FRP adherends 
and adhesive layer thicknesses, see Figure 6.2. As can be seen, the moisture diffusion into 
the bond-line of the DLS joint made with GFRP adherends is considerably accelerated. This 
might lead to several issues that are discussed in Paper IV. 
Having obtained the moisture-concentration profile in the DLS joint, it is possible to 
define the mechanical properties of the adhesive as a function of moisture content to de-
termine the load transfer and the stress distribution in the joint. This was achieved by using 
 
Figure 6.2 Predicted moisture-concentration profiles in the adhesive mid-layer of DLS joints immersed in 
distilled water at 45°C: (a) DLS with CFRP, (b) DLS with GFRP 
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a sequentially coupled diffusion-mechanical analysis, in conjunction with experimental 
characterisation of moisture-dependent mechanical properties of the adhesive material. 
The results are plotted in Figure 6.3, which clearly show a reduction of the normalized 
maximum principal stress in the adhesive layer with increasing immersion time in distilled 
water at 45°C.  In order to verify this observation, a number of DLS specimens were aged 
under the same conditions for up to a year and tested at various intervals. The results in-
dicated that moisture could be beneficial on the strength of joints with cohesive failure. 
This observation was attributed to the reduction of peak stresses in the adhesive layer pre-
dicted by the FE simulations. However, extending the exposure duration shifted the failure 
locus to the interface with steel, and was accompanied with ca. 9% reduction in joints’ load-
bearing capacity. 
 
Figure 6.3 Normalized maximum principal stress in the adhesive mid-layer of a DLS joint with CFRP ad-
herends conditioned in distilled water at 45°C 
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Paper III: “On the design of adhesively bonded FRP-steel joints using 
cohesive zone modelling” 
As it was discussed in Chapter 2, predictive durability-modelling approaches, such as non-
mechanistic models, are required to function in conjunction with appropriate structural 
assessment methods. Therefore, the aim of this paper was to provide new insight into the 
design of adhesively bonded FRP/steel joints using cohesive zone modelling. In this re-
gard, the dependency of the predicted strength of joints on parameters such as shape and 
type of cohesive law, crack path location, length of fracture process zone, variations of ad-
hesive and FRP properties, and different failure modes including cohesive, interfacial 
debonding and FRP failure were investigated. 
In general, the predictions were found to be in good agreement with the experimental 
results provided that all possible failure modes are simultaneously taken into account. For 
instance, the best prediction for behaviour of DLS specimen was obtained when the com-
bined cohesive/interfacial failure mode was considered in the model, see Figure 6.4. In 
addition, the cohesive laws obtained using the direct approach were found to accurately 
represent the damage evolution and fracture in the adhesive layer. As can be seen in Figure 
6.5, unlike Mode-I fracture energy which had no impact on the predicted joint strength, 
variation of Mode-II fracture energy influenced the predicted joint strength to a large ex-
tent. Moreover, the effective overlap length was found to be in direct correlation with the 
length of fracture process zone in the adhesive layer. Hence, the knowledge of damage 
evolution provided by the CZM can be advantageous during the design phase to ensure a 
sufficiently long anchorage length and to account for the effect of environmental parame-
ters such as temperature and moisture. 
 
Figure 6.4 Effect of combined interfacial/cohesive 
failure on load-displacement response of DLS joints 
 
Figure 6.5 Effect of mode I and mode II fracture en-
ergy on the predicted strength of DLS joints 
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Paper IV: “Durability of bonded FRP-to-steel joints: effects of mois-
ture, de-icing salt solution, temperature and FRP type” 
The experimental results of 192 specimens after ageing for up to three years under constant 
exposure to various environmental conditions are presented in this paper. This study was 
designed to complement the existing knowledge regarding the durability of adhesively 
bonded FRP/steel joints as suggested in Paper I. This was achieved by utilizing exposure 
durations longer than 18 months, joints with adhesive layer thicknesses and FRP materials 
similar to those used in bridge applications, differentiating the effects of each environmen-
tal factor (i.e. moisture, temperature and salt solution) on joint durability, and predicting 
the moisture distribution profile in aged specimens at the time of testing (using the meth-
odology described in Paper II). The test setup of DLS specimens is depicted in Figure 6.6. 
Experimental results showed that environmental ageing had different effects on the DLS 
joints depending on the used FRP adherend. For the case of CFRP/steel joints, while ageing 
at room temperature did not have any adverse structural effects, immersion at 45°C was 
found to be detrimental. In this regard, salt-water immersion was found to severely dam-
age the interlaminar shear strength of the CFRP material, which led to a maximum strength 
reduction of 43% at joint-level. The GFRP/steel joints, on the other hand, developed irreg-
ular longitudinal cracks in their adhesive layer after approximately one year of immersion 
at 45°C, see Figure 6.7. These cracks are believed to be a result of through-thickness stresses 
due to swelling in the adhesive layer caused by high permeability of the GFRP adherend 
and, hence, the accelerated moisture diffusion.  
 
 
Figure 6.6 Test setup of DLS specimens 
 
Figure 6.7 Appearance of cracks in the adhesive layer 
of GFRP/steel DLS specimens; 45DW and 45SW: dis-
tilled water and salt-water at 45°C, respectively 
 
, Civil and Environmental Engineering  31 
 
Paper V: “Dependency of cohesive laws of a structural adhesive in Mode-
I and Mode-II loading on moisture, freeze/thaw cycling, and their synergy” 
Accurate measurement of cohesive laws is the perquisite of the developed model in Paper 
III for the design of adhesively bonded FRP/steel joints. In addition, by knowing the de-
pendency of cohesive laws on environmental factors, this model can be coupled with the 
moisture diffusion analysis described in Paper II to predict the mechanical behaviour of 
aged joints. Therefore, in this paper a direct method for derivation of environmental-de-
pendent cohesive laws of an epoxy adhesive was developed. Special attention was given 
to achieve uniform moisture distribution in the adhesive layer in relatively short time. 
Figure 6.8 illustrates the overview of the used methodology in this paper. Open-face 
specimens were manufactured to overcome long exposure durations usually needed to 
reach moisture saturation. These specimens were exposed to a number of constant and 
cyclic environmental exposure scenarios, after which the cohesive laws were derived di-
rectly from measurements. The “open specimens” were completed prior to testing by 
bonding the second steel adherend using a secondary adhesive material. The simulation of 
experiments showed that the adopted method can yield accurate results if the secondary 
adhesive layer is thinner, less stiff and stronger than the primary adhesive. 
Environmental ageing was found to influence Mode I and Mode II cohesive laws of the 
studied epoxy adhesive differently. For both loading modes, however, the reductions of 
fracture energy were found to be the largest for saltwater, and not directly proportional to 
the moisture content of the adhesive layer. For Mode II loading, larger critical deformations 
were observed with increased moisture content. Hence, the critical fracture energy (area 
under cohesive law) was less severely affected as compared with that of Mode I. The com-
parison of degradations of the peak stress of cohesive laws with tensile strength of adhesive 
dog-bone specimens exposed to the same wet conditions (characterised in Paper IV) re-
vealed the improperness of the latter method when used to obtain traction parameter of 
cohesive laws. 
 
Figure 6.8 Overview of the direct measurement method of the environmental-dependent cohesive laws 
, Civil and Environmental Engineering  32 
 
Paper VI: “Durability of CFRP/steel joints under cyclic wet-dry and 
freeze-thaw condition” 
This paper includes the results of extensive experimental and numerical investigations 
aimed at predicting the mechanical behaviour of FRP/steel joints subjected to cyclic expo-
sure conditions. The experiments were conducted according to the future research needs 
identified in Paper I. A coupled moisture diffusion-fracture analysis model was developed 
(see Figure 6.9) based on the findings reported in Paper II, III, and V. In addition, the test 
results of some of the joints aged under constant exposure conditions (reported in Paper 
IV) were used in this study for the sake of comparison. 
No sign of corrosion was found on the bond‐line of aged DLS joints after wet‐dry or 
freeze‐thaw cycles. However, wet-dry exposure in saltwater altered the initially cohesive 
failure mode of DLS joints to distinct interlaminar failure mode. Freeze‐thaw cycles did not 
negatively affect the strength of tested DLS joints, either in the presence or absence of mois-
ture. Interestingly, it was the preconditioning in hot/wet environments that governed the 
lower bound of the tested joints’ strength. Surprisingly, the largest strength degradations 
were observed for specimens dried after wet exposure. This is shown to be directly corre-
lated with the loss of adhesive ductility upon drying, and is successfully captured by the 
proposed finite element analysis procedure, see Figure 6.10. The proposed modelling and 
characterisation scheme can reliably be used for long-term performance prediction of 
bonded FRP/steel joints, provided that the dependency of all the constituent materials on 
moisture and exposure history are obtained. 
 
Figure 6.9 Geometrical and mesh details of the devel-
oped predictive model  
Figure 6.10 Comparisons of FE‐predicted and ex-
perimental failure load of CFRP/steel DLS 
specimens subjected to wet‐dry exposure in dis-
tilled water at 45°C 
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7 Conclusions 
7.1 General conclusions 
The aim of this study was to establish a framework for long-term performance and dura-
bility analysis of adhesively bonded FRP/steel joints in civil engineering applications. The 
state-of-the-art on durability aspects of FRP composites, epoxy adhesives and FRP/steel 
bonded joints in bridge applications were reviewed. From this review, hygrothermal age-
ing (combination of moisture and temperature) was identified as the most influential factor 
on long-term performance of bonded joints in steel structures. In addition, a direct corre-
lation between moisture content and mechanical degradation was identified. The literature 
review provided a framework to investigate the areas that remain unclear and need further 
research. Subsequently, a methodology including both experimental and numerical ap-
proaches was developed. 
Cohesive zone modelling (CZM) was found to be an appropriate numerical method to 
study the influence of various geometrical and material parameters on the long-term per-
formance of bonded FRP/steel joints. The following conclusions can be drawn from this 
part of the study: 
 The behaviour of FRP/steel joints with various failure modes, such as interfacial, co-
hesive, FRP delamination, and combined interfacial/cohesive, can be accurately 
predicted using the CZM. This is particularly important for durability assessments as 
a change of failure mode is commonly observed after environmental ageing. 
 The strength of joints with cohesive failure mode and long overlaps is mainly gov-
erned by fracture energy of the adhesive material. However, the strength of joints 
with short bond-lines is additionally affected by the shape and maximum traction of 
cohesive law. As these parameters are known to be affected by environmental expo-
sure, the results of small-scale laboratory specimens should be carefully evaluated.  
 The length of fracture process zone is suggested as an appropriate parameter to con-
sider during the design phase in order to account for the effects of environmental 
ageing on anchorage length. 
 Information about the exposure history is essential for reliable prediction of the me-
chanical performance of bonded joints. For instance, considering of the presence of 
initial moisture content before a drying cycle is necessary to obtain a more accurate 
prediction. 
The characterisation of the correct set of material data for durability assessments is of 
utmost importance. The diversity of environmental factors and possible synergy be-
tween them adds to the complexity associated with characterisation methods. The 
following methods are proposed: 
 The material-level tests used in this study include:  
 Dynamic mechanical analysis to measure Tg of adhesive,  
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 Gravimetric measurements to obtain moisture diffusion properties,  
 Tensile coupon tests to obtain environmental-dependent mechanical properties, 
  Fracture toughness tests to obtain cohesive laws. 
 Given the strong dependency of mechanical properties of many polymers on mois-
ture, it is often possible to establish relations between the mechanical property and 
the moisture content. These relations are particularly helpful when defining input 
data for numerical tools.  
 The moisture diffusion properties of FRP composites may be substantially different 
when exposed to high relative humidity compared with immersion conditions. 
Therefore, care should be taken not to extend the results of one to the other. 
 Open-face fracture specimens can be used in conjunction with J-integral to directly 
measure the exact shape of cohesive laws and their dependency on environmental 
exposure in relatively short periods.  
 De-icing salts were generally found to be more damaging to mechanical properties 
and cohesive laws of the adhesive material, particularly when combined with freeze-
thaw cycles. The potential formation and expansion of salt crystals is believed to be 
the reason for this observation. 
Double lap shear specimens were used to investigate the effects of hygrothermal, wet-
dry and freeze-thaw ageing conditions on mechanical performance of adhesively bonded 
FRP/steel joints. This configuration was mainly used due to the ease of failure detection 
and manufacturing, and availability in the literature. The following conclusions can be 
drawn: 
 No sign of corrosion was found along the bond‐line of aged DLS joints subjected to 
any of the aforementioned conditions for up to three years, suggesting a good deal of 
protection provided by the adhesive layer. However, the interfacial adhesion was 
found to weaken after extended exposure to moisture. This highlights the need to use 
adhesion promoters, such as silane coupling agents, even if the short-term strength 
of the joint is governed by cohesive failure mode. 
 Short-term exposure to hygrothermal conditions may be beneficial for strength of the 
joints with strong adhesive/steel interfaces due to plasticization of the adhesive ma-
terial and consequent peak stress reduction. However, it was observed that the 
presence of even small amounts of moisture at the interface of steel/adhesive for a 
critical time could lead to localised interfacial damage. 
 The effects of the aforementioned ageing conditions on stiffness of CFRP/steel joints 
were found to be negligible. The often insignificant effect of these conditions on E-
modulus of pultruded unidirectional composites, and slow moisture diffusion into 
the bond line are believed to be the reasons for this observation. 
 Freeze‐thaw cycles did not negatively affect the strength of tested CFRP/steel joints, 
either in the presence or absence of moisture. Interestingly, the preconditioning in 
hot/wet environments governed the lower bound of the strength of tested joints. 
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 The strength reductions after a complete eight-month-wet/eight-month-dry cycle in 
distilled‐ and salt‐water at 45°C was 11% and 47% compared to reference CFRP/steel 
specimens, respectively, which are significantly larger than those observed after only 
the wet exposure. This observation was justified by the loss of ductility of adhe-
sive/resin after being dried from a wet state, which gives further emphasis to the 
importance of exposure history.  
 The mechanical performance of joints with highly permeable FRP adherends, such as 
the GFRP material used in this study, can be severely degraded after exposure to hy-
grothermal ageing conditions. Instantaneous reductions of interlaminar shear 
strength as well as the appearance of swelling-induced cracks in the adhesive layer 
of these joints are some examples of the damaging mechanisms.    
A durability-predictive method based on the acquired knowledge on mechanisms of 
environmental damage, cohesive zone modelling, and environmental dependent material 
properties is presented.  The method is realized using sequentially coupled finite element 
analysis that is found to provide reasonable predictions of the mechanical behaviour of 
environmentally aged joints. 
7.2 Suggestions for future research 
Although the present study has provided new insight into long-term performance and du-
rability of bonded FRP/steel joints used in bridges, it has also raised new issues that should 
be addressed by future research. In the following, some ideas for future research are pre-
sented. 
Naturally aged specimens 
Long-term exposure to natural weathering conditions is very rare at material level and is 
not available for joints. The results of these tests, as the most realistic representative condi-
tions, are necessary for qualitative performance evaluations of bonded FRP/steel joints. In 
addition, such experimental data are needed to validate accelerated testing regimes and 
predictive durability modelling approaches such as the one presented in this study.  
Cohesive laws 
On the basis of the promising application of the direct measurement method to derive en-
vironmental-dependent cohesive laws of the epoxy adhesive loaded in Mode-I and Mode-
II, future research on derivation of mixed Mode cohesive laws is advised. In addition, con-
tinued research on the time-dependency of cohesive laws in the presence of moisture 
appears to be necessary.  
Interlaminar properties of FRP composites 
In this study, environmental ageing was found to degrade the interlaminar shear strength 
of the studied FRP materials to a great extent. Consequently, the performance of bonded 
joints were to a great extent governed by this material property. Therefore, further research 
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is suggested to develop cost-efficient methods to improve durability of interlaminar prop-
erties of FRP composites. Characterisation of cohesive laws associated with delamination 
of FRP materials is another research topic that needs future research. The small-scale frac-
ture process zone and unstable crack growth in laminated materials are some issues that 
need to be resolved [121]. The derivation of dependency of cohesive laws of FRP materials 
on environmental factors can be subsequently researched.  
Load effects 
An absolutely necessary research topic which is of high relevance to bridge applications is 
the characterisation of the interactions of load effects with different durations, such as self-
weight and fatigue loading, and environmental ageing mechanisms on FRP/steel joints. 
The complicated damaging mechanisms as well as simultaneously coupled actions add to 
the complexity of these phenomena.     
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